A novel bioelectrochemical system (BES) was designed to recover copper and nickel from wastewater sequentially. The BES has two chambers separated by a bipolar membrane and two cathodes. Firstly, the copper ions were reduced on a graphite cathode with electricity output, and then with an additional bias-potential applied, the nickel ions were recovered sequentially on a copper sheet with electricity input. In this design, nickel and copper can be recovered and separated sequentially on two cathodes. By adjusting the molar ratio of copper and nickel ions to 2.99:1 in wastewater, 1.40 mmol Cu 2þ could be recovered with 143.78 J electricity outputs, while 50.68 J electricity was input for 0.32 mmol nickel reduction. The total energy output of copper recovery was far more than the electricity input of nickel reduction. The present technology provides a potential method for heavy metal ion separation and recovery.
INTRODUCTION
The electroplating industry is one of the most important industries, which use, copper and nickel in batch for plating. However, the electroplating effluent produces wastewater containing several heavy metal ions, which would toxify the water body and be harmful to human beings. Thus, heavy metal removal has become a serious problem to be solved. Many methods have been developed to remove heavy metal ions from wastewater, such as ion exchange (Rengaraj et al. ) , reverse osmosis, electroreduction, adsorption (Kadirvelu et al. ; Madhavakrishnan et al. ; Rajalakshmi et al. ) , deposition (Ying & Bonk ) , etc. While there are usually several types of heavy metals co-existing in wastewater, the sequential separation and recovery process should be a consideration. Molinari et al. () had investigated the complexation-ultrafiltration process for selective removal of Cu 2þ and Ni 2þ in effluent. Electrowinning recovery of copper and nickel from electronic and metal finishing industries was also investigated (Fornari & Abbruzzese ). Besides this, sulfate-reducing bacteria were also applied to selectively recover nickel, copper and zinc from wastewater (Bayrakdar et al. ; Bijmans et al. ) . However, these methods had certain disadvantages such as the by-products pollution, high operation costs or complicated operation. Besides these methods, the recently developed bioelectrochemical method attracted more attention because it can produce electricity and collaboratively treat organic wastewater and heavy metal wastewater. (1) and (2):
In a BES, because the bio-anode usually has a potential of ca. À0.3 V, according to the standard electrode potential, metal copper could be obtained with energy output, while metal nickel could only be gained with an applied bias potential.
In this study, a novel BES was designed for Cu 2þ and Ni 2þ separation and recovery. By evaluating the energy production for copper recovery and energy consumption for nickel recovery, the ratio of copper to nickel ions concentration was determined in order to get a zero net energy input.
MATERIAL AND METHODS

Reactor construction
The two-chamber BES was constructed with a dual plexiglass cylindrical chamber reactor separated by a bipolar membrane (BPM-I, Beijing Ting RunCo., China). The net volume of anode chamber and cathode chamber was 17.5 mL (3.4 cm in length, 3 cm in diameter) and 27 mL (3.4 cm in length, 3 cm in diameter), respectively. The anode was carbon fiber brush (2.5 cm in length, 2.5 cm in diameter), while the cathode was copper sheet with a surface area of 4 cm 2 for Ni 2þ reduction, and rough graphite plate with a surface area of 4 cm 2 for Cu 2þ reduction (Figure 1 (Wang et al. ) . After that, five more cycles were repeated. For the sake of helping exoelectrogens preferably acclimate to higher current, different external resistances from 1,000 Ω to 10 Ω were connected (five downward steps, each resistance operated for 48 h). And five to six cycles were repeated to further enrich exoelectrogens attaching to the carbon fiber brush anode. Then the bio-anode was considered to be ready for further use. Under a similar inoculation and acclimation process, the micro-organisms on the anode were believed to contain Geobacter, Shewenella, Geothrix fermentans, Pseudomonas, etc. as reported before (Franks & Nevin ) . CuSO 4 ·6H 2 O, NiSO 4 ·6H 2 O and 0.1 mol/L Na 2 SO 4 aqueous solution was used as catholyte and its initial pH of 3 was adjusted by sulfuric acid. Anolyte contained acetate in phosphate buffered solution (PBS). The PBS (50 mmol/L) consisted of 2.75 g NaH 2 PO 4 ·2H 2 O, 11.47 g Figure 1 | Schematic of (a) copper reduction and (b) nickel reduction: a -carbon fiber brush anode, b -anode chamber, c -bipolar membrane, d -cathode chamber, e -graphite, f -copper sheet, g -resistor and h -DC power supply. Na 2 HPO 4 ·12H 2 O, 0.31 g NH 4 Cl, 0.13 g KCl and 12.5 mL trace mineral solution per litre. The above inoculated bioanode was applied in the present BES. The BES was firstly operated with a bio-anode and graphite cathode for copper reduction and electricity generation. After copper ions were thoroughly removed, the graphite cathode was disconnected and the bio-anode was connected with a copper sheet cathode, a bias potential was applied on the copper sheet cathode for nickel reduction.
The catholyte was magnetically stirred. For nickel reduction, a resistor of 10 Ω was connected in the external circuit and a fixed bias potential of 0.5 V was applied to the cell using a DC power supply (WYK, NOLE, China). All experiments were performed in a temperature-controlled room at 30 W C.
Analysis and calculations
The potential of the anode and cathode was monitored at a 10 min interval by a data logger (DAM-3059R, Beijing Art Technology Development Co. Ltd, China) with Ag/AgCl reference electrode. The concentration of Ni 2þ and Cu 2þ was measured by inductively coupled plasma atomic emission spectrometry (ICP-AES, ICPE-9000, Shimadzu, Japan) and the chemical oxygen demand (COD) of anolyte was measured via a COD analyzer (CODMax, HaCH). The current (I), columbic efficiency (CE) and cathode efficiency (η cat ) were calculated as previously described (Wang et al. ) , while current density was calculated as i ¼ I/S, where S is the surface area of the cathode. The energy consumption for nickel reduction is obtained as Equation (3)
The energy output for copper reduction is obtained as Equation (4) 
where U is the applied voltage (V ), I 1 and I 2 are the currents (A), Δ t 1 and Δ t 2 are the potential monitoring intervals (s) and R 1 and R 2 are the external resistance used for nickel and copper reduction, respectively. The removal efficiencies of Ni 2þ and Cu 2þ (η r ) were calculated as η r ¼ C i À C e =C i × 100%, where C i and C e are the metal ion concentrations of influent and effluent, respectively. The graphite and copper sheet cathodes after deposition were characterized by X-ray diffraction (XRD) on an XRD-7000 (Shimatsu, Japan) with Cu-Ka radiation (1.5418 Å) at room temperature in a step-scanning mode, with a step length of 0.02 W .
RESULTS AND DISCUSSION
Resistance for copper reduction
To get better energy production performance for copper reduction in the presence of Ni 2þ , three resistances of 10, 50, and 285 Ω were selected to decide the optimal resistance. The anode chamber was filled with 50 mmol/L PBS solution with 2.0 g L À1 acetate to operate for a whole cycle. It showed much different tendencies of current density, charges production and energy production behaviour under different external resistance (Figure 2 ). After the bio-anode acclimated, the current density rapidly went up to the maximum current density of 12.01 A m À2 in the first 2 h and then sharply dropped down after 4.3 h with an external resistance of 10 Ω. While with the external resistances of 50 and 85 Ω, the current density obviously rose to a steady platform with different values initially and then sharply declined to low values after operating for 7.6 and 11.5 h, respectively. The sudden decrease of the current density could be ascribed to the limitation of the Cu 2þ concentration. After 12 h, the current density with all three resistances remained similar with changes in time (Figure 2(a) ). After 11 h, the system with 10-50 Ω produced the same charges (about 94.9 C and 94.5 C, respectively), whereas the system with 285 Ω yielded only 40.5 C charges (Figure 2(b) ). However, the system with 50 Ω produced the most amount of energy when recovering the same amount of copper, while that with 10 Ω produced the least amount of energy (Figure 2(c) ). Although the energy yielded with 285 Ω was similar to that with 50 Ω after about 15 h, the lower current density with 285 Ω could slow down copper recovery. These results revealed that use over a small external resistance could generate more charges but that the high current could not be sustained for a long time and produced less energy, while over a large external resistance it could not produce sufficient charges, and was averse to copper recovery. Thus, 50 Ω was selected as the external resistance for Cu 2þ reduction. Then the graphite cathode was replaced by the copper sheet cathode and the bias potential of 0.5 V was applied for Ni 2þ recovery. The bias potential of 0.5 V was selected according to our pre-experiments to get a higher current for nickel reduction and a lower hydrogen evolution rate. This bias potential may accelerate the charge transfer and substrate oxidation on the anode and may also help to improve the amount of biomass on the anode as reported (Wang et al. ; Carmona-Martínez et al. ) . As shown in Figure 3 , the removal efficiency of Cu 2þ increased rapidly to 66.6% during the first 3 h operation, and then slowly went up to 99.6% during the remaining 20.67 h (refilling the anolyte at 15 h), whereas little change could be seen in the removal of Ni 2þ . The rapid reduction of Cu 2þ during the first 3 h might owe to the high concentration of Cu 2þ , and enough substrates in the anolyte. The current density remained at a high level of about 6.40 A m À2 (Figure 4) .
Sequential recovery of Cu
After 23.7 h operation, almost no Cu 2þ was detected in the catholyte, it could be assumed that all Cu 2þ was removed.
Thus, the bias potential of 0.5V was applied and the cathode was changed to copper sheet, and the Ni 2þ removal process started. At the end of the cycle (about 37.9 h, refilling the anolyte at 30 h), the Ni 2þ removal efficiency had reached 70.4%. In addition, hydrogen could be easily generated on the nickel-based cathode (Kundu et al. ) , thus the removal of Ni 2þ was possibly influenced by the competition of hydrogen evolution in later period. The current densities over a batch cycle varied with the objective metal ions. The rapid decrease of the current density for Cu 2þ reduction after 15 h was partially owing to the acetate consumption. After the anode medium was refilled, the current density rose to 3.02 A m À2 (Figure 4) . The CE and the cathode efficiency (η cat ) are shown in output. While for nickel reduction in 14.2 h, the total electricity input was 25.22 J g À1 L. To get a zero net electricity input, Cu 2þ and Ni 2þ molar ratio in wastewater should be 2.99: 1 (Table 1) . The deposition on cathodes was characterized with XRD and the results are shown in Figure 5 . In Figure 5 , the deposition on graphite for copper recovery showed the typical elemental copper diffraction signals (JCPDS No. 00-004-0836) and the deposition on copper sheet for nickel recovery suggested the existence of elemental nickel . No other compounds can be distinguished from the XRD profiles indicated relatively pure metals were recycled. However, amorphous impurities or impurities in trace amounts may exist. The increase in copper concentration led to an increase in cathode potential, as a result, the current density increased, and more electricity could be yielded as well. (Figure 6(b) ). The total energy input for nickel recovery was significantly lower than the electricity output for copper reduction, and excess energy was produced as well. many types of metal ion. Other metal ions may affect the recovery sequence and energy input and output. Theoretically, in BESs, metal ions with a higher reduction potential than the bio-anode can be recovered with electricity production, while metal ions with lower reduction potential than the bio-anode can be recovered with electricity consumption. Thus, a mixture of these two types of metal ion can be sequentially recovered. By careful design, the concentration ratio, more or equal electricity can be produced for the reduction of metal ions with higher reduction potential than that consumed for another metal ions reduction and thus zero net-energy input can be realized. In addition, the electricity produced from copper reduction was not directly utilized for nickel recovery in the present research. But, the produced electricity can be stored in a rechargeable battery or a capacitor and then be utilized for nickel recovery. People can also directly utilize the produced electricity for nickel recovery by properly connecting the electricity producing cell for copper reduction with the nickel reduction cell. 20.4 h with 50.68 J energy input under a bias-potential of 0.5 V. Wastewater containing copper and nickel could be separated sequentially with a zero net energy input and excess energy was produced as well.
Energy balance of copper and nickel recovery
CONCLUSIONS
